Single-compartment hydrogen peroxide fuel cells have recently emerged as a promising energy conversion platform since H 2 O 2 is a high energy-density liquid that functions as both fuel and oxidizer.
Single-compartment hydrogen peroxide fuel cells with poly(3,4-ethylenedioxythiophene) cathodes Finding suitable electrocatalysts is challenging since most metallic electrodes also catalyze the disproportionation reaction of H 2 O 2 into H 2 O and O 2 , representing a significant loss mechanism in peroxide fuel cells. Herein we demonstrate that the conducting polymer poly(3,4-ethylenedioxythiophene), PEDOT, is a versatile electrocatalyst for peroxide fuel cells without generating losses due to disproportionation. We find that PEDOT is a cathodic catalyst for reduction of peroxide to water, performing at a level on par with the best reported inorganic catalysts. Using PEDOT as the cathode and nickel as the anode material, open circuit potentials in the range of 0.5-0.6 V are possible, with power densities of 0.20-0.30 mW cm À2 .
We provide evidence to understand mechanistically how PEDOT functions as a catalyst for hydrogen peroxide reduction to water. The result of our efforts is a scalable hydrogen peroxide fuel cell cathode, which serves to demonstrate also the capabilities of organic semiconducting materials as electrocatalysts.
Fuel cells represent an important family of energy storage and conversion devices, with several mature technologies and wellestablished applications. The most prominent example is the hydrogen fuel cell, which consumes hydrogen gas as a fuel and utilizes atmospheric oxygen as an oxidizer, producing water as a byproduct. Despite its elegance, the hydrogen fuel cell has two disadvantages -the problem of storage of H 2 as a gaseous fuel and the necessity of optimizing the proton-conducting separator membrane between the cathode and anode chambers to isolate the fuel from the oxidizer. 1 Hydrogen peroxide fuel cells are a newer concept which retains the advantage of having a fuel cell with water as a byproduct, but with the significant feature of aqueous hydrogen peroxide as a liquid fuel and the singlecompartment nature where H 2 O 2 is both fuel and oxidizer and thus no separator is necessary. 2-4 These fuel cells are part of a broader growing field of energy conversion and storage with H 2 O 2 , driven largely by improvements in photocatalytic platforms for conversion of solar energy into peroxide. [5] [6] [7] [8] In a hydrogen peroxide fuel cell, energy is produced because of the exergonic reactions of oxidation of hydrogen peroxide to produce oxygen and the reduction of hydrogen peroxide to water. If each of these half-reactions proceed on an anode and cathode, respectively, the energy contained in hydrogen peroxide can be electrochemically converted to electrical energy. Hydrogen peroxide reduction, at neutral to acidic pH values, proceeds on the cathode via eqn (1). Oxidation at the anode proceeds via eqn (2). The net reaction (eqn (3)) of producing water and oxygen from peroxide gives a net potential gain of 1.09 V. This is close to two well-known fuel cell systems: hydrogen fuel cells have a theoretical open circuit potential of 1.23 V and methanol fuel cells 1.21 V.
Cathode:
The spontaneous decomposition of peroxide into water and oxygen has been used for outer space rocket propulsion for decades, and the possibility of using peroxide in electrochemical energy conversion schemes has been theoretically envisioned for some time. 9 11 With Pt as anode the highest current was achieved but also the highest amount of decomposition of peroxide without electricity generation (disproportionation loss). With this drawback in mind, Ni seemed to be the best solution since it had the lowest decomposition rate and moreover it is the lowest-cost metal of the tested ones. These initial peroxide fuel cells gave low open circuit voltages (V OC ) of o150 mV, with maximum current densities in the range of 1-3 mA cm À2 . In subsequent years, Fukuzumi and coworkers evaluated the ability of several ironcontaining macrocyclic compounds to be suitable cathodic catalysts, though power density of such cells was limited to around 10 mW cm À2 . 12 Yamada et al. designed a fuel cell with an Ag/Ag-Pb alloy composite electrode as cathode and Au as anode in basic media. A maximum power density of 0.075 mW cm À2 at 0.065 V and an open circuit voltage of 150 mV was demonstrated. 8 Substantial improvement was achieved by using prussian blue on carbon paper as a cathode and Ni or Ag as anode in acidic media. A maximum power density of 1.55 mW cm À2 and an V OC of 0.6 V was reached. 13 The highest to-date power density of 4.2 mW cm À2 was reported by Yamada et al. 15 photocatalysts, 16 and photoelectrocatalysts 6, 17 for hydrogen peroxide production, encouraging us to evaluate organic electronic materials for hydrogen peroxide fuel cells.
The motivation for using conducting polymers is their low-cost and ease of processability. Lacking metals, organic electronic materials can be hypothesized to not catalyze disproportionation of peroxide. Moreover, conducting polymers like polythiophenes and polyaniline are stable in various aqueous environments, and have outstanding conductivity especially in acidic conditions. Conducting polymer formulations can swell in water, forming a three-dimensional network permeable to molecules and ions. They are therefore potentially an ideal matrix to bring together electrons and reactants and function as a 3D heterogeneous electrocatalyst for peroxide fuel cells. In this paper, we have evaluated the well-known 18 commercial conducting polymer poly(3,4-ethylenedioxythiophene), or PEDOT, as an active material for peroxide single-compartment fuel cells. Our peroxide fuel cells comprise a PEDOT cathode and a nickel mesh anode, the latter being chosen since this is among the most promising anodic catalysts reported to-date. 13, 14 A schematic illustration showing the electrochemical redox processes on the respective electrodes is shown in Fig. 1a . The hypothesis we put forth for the operation of PEDOT as a cathodic catalyst is based on the well-established doping/dedoping redox process between PEDOT (0) and PEDOT (2+) (Fig. 1b) . Neutral PEDOT will be oxidized by H 2 O 2 to its charged bipolaronic form, which is in turn reduced back to neutral PEDOT by electrons flowing from the anode to cathode. This cycle results in the net reaction of hydrogen peroxide being reduced to water. In this study, we employed the aqueous commercial formulation of PEDOT stabilized with poly(styrene sulfonate), PSS (PH1000, Cleviost). Based on previously-published methods, 19 20 mL of PH1000 was mixed with 2 V% dimethylsulfoxide and 0.5 V% (3-glycidyloxypropyl)trimethoxysilane, and afterwards ultrasonicated for 10 minutes. Then the mixture was poured into a Petri dish (+ 8.5 cm) and stored under the fume hood overnight. Afterwards it was dried at 80 1C in the oven for 2 hours.
The obtained foil was removed from the dish with a tweezer. The foil was cut with scissors into suitable pieces for electrodes, usually 2 Â 5 cm. The foils consist of a dense nanofibrous network of PEDOT crystallites (Fig. 1c) , which swells and expands in water. To test if PEDOT would be a suitable cathodic catalyst for a peroxide fuel cell, we measured the current-voltage characteristics of PEDOT (cathode) versus nickel (anode), in 0.05 M HCl with and without added peroxide (two-electrode device scheme as shown in Fig. 1a ). This pH value was chosen since it is acidic enough to be favorable for proton coupled peroxide redox reactions but where nickel is still stable. 14 In the absence of peroxide, the PEDOT/Ni electrode pair yielded an i-v characteristic with a small cathodic component attributed to oxygen reduction and an anodic peak characteristic of PEDOT oxidation (Fig. 1d ). Addition of peroxide resulted in an obvious fuel cell effect, with a substantial increase in cathodic current and open circuit potential around 0.5 V. This indicates that indeed PEDOT performs as a cathodic catalyst for peroxide reduction to water. To measure in detail the fuel cell performance, we conducted step chronopotentiometry scans (Fig. 2) . Different current densities were maintained for 1 minute and the final potential registered. In addition to PEDOT:PSS, we tested a PEDOT:PSS composite with Prussian blue (PB) nano/microcrystals, synthesized according to the literature. 20 PB is a well-known catalyst for reduction of peroxide to water, and is one of the to-date best materials as cathodes for peroxide fuel cells. PEDOT:PSS cathodes ( Fig. 2a ) afforded a V OC of 0.56 V and J SC of 2.0 mA cm À2 , and maximum power density of 0.31 mW cm À2 . The addition of PB increases the V OC to 0.64 V, very close to the previously reported value for PB on carbon in a peroxide fuel cell with a nickel anode (Fig. 2b) . Current density does not improve however, remaining at 1.25 mA cm À2 . Taken together, these data show that PEDOT:PSS is an efficient catalyst in its own right, as it gives an open circuit potential very close to that of PB.
Step chronopotentiometry experiments were repeated for three cycles (each cycle = 12 minutes), and demonstrated constant power density for both types of samples. We conducted a chronoamperometric measurement of holding the cell at short circuit with a starting concentration of 0.1 M H 2 O 2 . Both types of PEDOT cathodes were found to discharge at similar rates, declining to about a tenth of the starting current density after 5 hours (Fig. 2c ). Having established that PEDOT is a suitable cathodic catalyst for single-compartment peroxide fuel cells, we tested if it induces the nonelectrochemical disproportionation of H 2 O 2 into water and oxygen. This is a major loss mechanism in peroxide fuel cells and an obstacle for deploying many metallic catalysts. Peroxide decomposition was quantified by measuring aliquots from test solution using the horseradish peroxidase/ tetramethyl benzidine assay. 6, 21 We found that a 0.1 M H 2 O 2 in 0.05 M HCl decomposes at a rate of 0.52 mM h À1 .
Nickel accelerated peroxide decomposition to 2.6 mM h À1 . The presence of PEDOT formulations was found not only to not induce decomposition, but to actually stabilize the peroxide solution. PEDOT:PSS slowed decomposition to 0.34 mM h À1 .
In order to shed light on the mechanisms at play with PEDOT interacting with H 2 O 2 in the context of familiar processes like oxygen-induced doping and oxygen reduction on PEDOT, we performed a series cyclic voltammetry experiments with and without H 2 O 2 present (Fig. 3) . In ambient conditions in 0.05 M HCl electrolyte, in the range of À0.4 to 0.8 V versus Ag/AgCl, PEDOT electrodes do not show any electrochemical activity save a relatively large capacitive current, characteristic of PEDOT:PSS. 22 Purging with Ar prior to the experiment removes oxygen, which is known to contribute to p-doping of the PEDOT. This results is the appearance of quasi-reversible redox peaks between 0.2-0.4 V, attributable to the oxidation and re-reduction of PEDOT (0) . This indicates that argon purging produces some quantity of neutral PEDOT by removing oxygen. Oxygen-purging of the electrolyte eliminates these redox peaks, and produces a smaller set of faradaic peaks resulting from the oxygen reduction reaction and accompanying reoxidation of oxygen reduction products. The oxygen reduction reaction on PEDOT was recently described, as was the effect of oxygeninduced doping increasing significantly the conductivity of PEDOT. 23 The addition of H 2 O 2 to a concentration of 0.1 M results in a drastic change of the cyclic voltammograms. Ambient PEDOT electrodes demonstrate a cathodic current with an onset around 0.4 V versus Ag/AgCl, signaling the reduction of H 2 O 2 to water. Oxygen purging results in a threefold increase in this cathodic current, which can be attributed to the effect of oxygen increasing the conductivity of PEDOT. 23 Purging with Ar, however, results in a five-fold increase in the H 2 O 2 reduction current relative to ambient conditions. This final result, taken together with the Ar-dedoping effect described above and shown in Fig. 3a , provides strong evidence that neutral PEDOT is the key species enabling the peroxide reduction reaction. These findings support the hypothesized reaction cycle proposed in Fig. 1b . Conducting polymers have a rich redox behavior and are stable in aqueous conditions, making them interesting 3D networks where electrons, ions, and reactants can meet. This approach led us to try using the archetypical conducting polymer PEDOT to see if it can participate in the redox cycle necessary to reduce hydrogen peroxide to water, critical to make cathodes for hydrogen peroxide fuel cells. These fuel cells are an interesting alternative technology to established hydrogen fuel cells, and their further development hinges on improving the performance of both cathodic and anodic catalysts. PEDOT fulfills its role as a cathodic catalyst on a level competitive with some of the best inorganic catalysts, with the benefit of not promoting peroxide disproportionation. Performance must be improved by optimizing PEDOT formulations, or by turning to other, next-generation conducting polymers. Tuning conducting polymers to become anodic catalysts for peroxide oxidation would lead to a complete ''plastic'' single-compartment hydrogen peroxide fuel cell. Once performance is optimized, long-term stability of conducting polymer electrodes must be carefully verified. The known stability of conducting polymer formulations in oxidizing, acidic environments speaks to them being a superior choice over metallic alternatives. Our demonstration serves as a promising first step in this direction.
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